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Introduction
Experimental studies have shown that vacancy concentrations (O.15 to 0.25/lattice site) several orders of magnitude higher than thermal equilibrium values were produced in Ni, Ti, Pd, and Pd-Rh by conjoint application of high-pressure hydrogen gas (5 GPa) and elevated temperature (>0.4TJ [1] [2] [3] [4] [5] . Vacancy generation is favored @ face-centered-cubic (FCC) metal hydrides because of large hydrogen-vacancy binding energies coupled with numerous binding sites (6 per vacancy) [3] . "Superabundant" vacancies were distributed as point defects in the metal hydride and appeared to order on one simple-cubic sub-lattice to form an L Iz-type structure [1] [2] [3] . The ordered defect structure was retained following intermediate-temperature annealing to off-gas hydrogen and subsequent cooling to room temperature [1] . Although this experimental evidence suggesting formation of stable defect structures is convincing, unresolved issues remain. For example, it is uncertain whether ordered defect structures would be stable in the complete absence of lattice hydrogen.
The atomically porous structure formed by superabundant vacancy generation in metal hydrides may be exploited to develop hydrogen storage materials. Hydrogen-fieled power supplies require light-weight hydrogen storage systems that can operate near ambient temperature. Atomically porous materials may offer both weight savings as well as accelerated hydrogen kinetics at low temperature compared to materials currently being considered for hydrogen storage applications. The possibility of forming stable defect hydride structures in lowdensity metals has not been explore~and hydrogen difhsion in atomically porous materials has not been characterized at ambient temperatures.
The objective of this research is to assess the possibility of forming atomicallyporous structures in a low-density metal, e.g., Al, and to examine the effects of hydrogen and vacancy concentrations on defect structure stability in a system that has been experimentally characterized, e.g., Ni. In additio~the kinetics of hydrogen dil%sion at ambient temperature are investigated in atomically porous lattices. The approach involves numerical modeling using the Embedded-Atom Method (EAM) [6, 7] . Minimization of total energy as well as molecular dynamics and Monte Carlo simulations are used to assess lattice stability aud hydrogen mobility in Al and Ni containing high vacancy concentrations.
Computational Procedures
Modeling simulations were performed on FCC lattices of Al and Ni that consisted of 1000 unit cells (4000 atom sites). Four vacancy (Vat) concentrations were considered for both Al and Ni: 0.05 Vat/lattice site (3800 atoms), 0.10 Vat/lattice site (3600 atoms), 0.15 Vat/lattice site (3400 atoms), and 0.20 Vat/lattice site (3200 atoms). Vacancies were initially distributed as point defects in two distinct arrangements at each concentration; i.e., vacancies were either randomly located on FCClattice sites or ordered on one simple-cubic sub-lattice. Computations were performed on the Al-Vat and Ni-Vac systems as well as on defect structures containing lattice hydrogen (H). Hydrogen was placed in octahedral interstitial sites at concentrations from 0.50 to 1.0 H/solvent atom in Al and Ni lattices containing vacancy concentrations from 0.10 to 0.20 Vat/lattice site. The combination of 1+ and vacancy concentrations considered were consistent with models that predicted vacancy concentration as a function of H content for different vacancy formation and binding energies [8] .
All simulations were performed on lattices with periodic boundary conditions. Energy minimizations calculated the total potential energy of each lattice in the absence of kinetic energy; viz, temperature equaled OK. The inputs for molecular dynamics (MD) simulations were lattices derived from energy minimizations. Molecular dynamics calculations were conducted at 300K over a simulated time period ilom 0.5 to 1.0 picosecond. The inputs for Monte Carlo (MC) simulations were final results Ilom the MD computations. Monte Carlo calculations were pefiormed under fixed volume at 300K until the total energy of the system reached a constant value (after 1OG to 107 steps). The EAM potentials used in this study were developed for the Ni/Al/H system described in Refs. [9-1 1] . The fictions were derived from the volubility and diffusivity of H in Ni and Al and the surface properties of H on Ni and Al. The elastic constants predicted from the EAM fictions agree with experimental results for Ni and Al. The stability of the FCC structures of Ni and Al was assessed through radial distribution functions of the lattices subjected to energy minimizations, MD simulations, and MC simulations. The radkd distribution function (RDF) calculations show the number of neighbors at a distance (r) surrounding each atom in the lattice. Peaks in the RDF correspond to first-nearest neighbors, second-nearest neighbors, etc. as distance, r, increases.
Results and Discussion

Effects of Vacancy Concentration and Temperature
Increasing the vacancy concentration in Al from OVat/lattice site to 0.20 Vat/lattice site systematically degrades the FCC crystal structure. Figure 1 shows the RDFs calculated for Al after energy minimization (corresponding to OK) of the lattice. The FU)F for OVat/lattice site yields the expected result of delta fictions at positions corresponding to first-nearest neighbors through fiflh-nearest neighbors. The RDFs for Al containing 0.10,0.15, and 0.20 Vaclktttice site consist of broad peaks distributed around the nearest-neighbor positions of the vacancy-free lattice. As the vacancy concentration increases from 0.10 to 0.20 Vat/lattice site, the RDF peaks become broader. In addition, the position of the maximum in the first-nearest neighbor peak is shifted to smaller distances due to the inward relaxation of atoms around a vacancy. These features indicate that increasing vacancy concentration degrades the crystallinity of Al. Distinct peaks are discerned at each nearest-neighbor position for 0.10 and 0.15 Vat/lattice site, suggesting that the FCC structure is retained at these vacancy concentrations. The FCC structure is lost for 0.20 Vat/lattice site.
Temperature causes a loss of crystallinity in Al for all vacancy concentrations. Vat/lattice site exhibit discernible peaks only at the position for first-nearest neighbors, indicating that the FCC structure has been completely degraded. The RDF for 0.10 Vat/lattice site suggests that some FCC structure has been retained for this vacancy concentration, as mild peaks are observed at the third-and fifth-nearest neighbor positions.
Examination of RDFs for the Ni-Vac system shows both similar and contrasting features compared to the Al-Vat system at OK. Figure 3 shows that the vacancy-free case consists of delta fictions at the first-nearest neighbor through fifth-nearest neighbor positions, while addition of vacancies up to 0.20 Vat/lattice site causes peak broadening. In addition, the FCC structure is well defined for 0.10 and 0.15 Vat/lattice site but not for 0.20 Vat/lattice site. In contrast to the results for Al-Vat in Fig. 1 , the FCC structure for Ni-Vac is not systematically degraded as vacancy concentration increases. Rather, lattice stability is enhanced at 0.15 Vat/lattice site. This is demonstrated in Fig. 3 by the higher peak heights for the RDF corresponding to 0.15 Vat/lattice site compared to 0.10 Vat/lattice site. (The lattice containing 0.15 Vat/lattice site consists of 3400 atoms, while the lattice containing 0.10 Vat/lattice site consists of 3600 atoms.)
The idea that lattice stability is enhanced for Ni-O.15 Vat/lattice site is supported by calculations of total potential energy at OK. Figure 4 shows that a plot of energy per Ni atom us the numberof vacanciesper latticesite exhibitsa local minimumfor the case of 0.15Vat/lattice site.
The lattice structures for the cases of 0.10 and 0.15 Vat/lattice site exhibit unique features compared to the system with 0.20 Vat/lattice site. Figure 5(a) shows the atom positions after energy minimization at OK in Ni-O.15 Vac/lattice site for the orientation indicated. This figure shows that many rows of atoms are not parallel to the <100> axes. Rather, the lattice is characterized by a domain structure, where each domain consists of a uniform lattice rotation. The rows of atoms in the domains marked by arrows in Fig. 5(a) are brought into coincidence with the [00 1] axis by a 3°rotation around the [010] axis (Fig. 5(b) ). Such lattice rotations were not pronounced for Ni containing 0.20 Vat/lattice site. The domain structure is also reflected in the RDFs for Ni-O.10 Vat/lattice site and Ni-O.15 Vat/lattice site in Fig. 3 . The third-nearest neighbor through fiflh-nearest neighbor peaks in these RDFs show distinct shMts to lower distances compared to the vacancy-fi-ee lattice, while the first-and second-nearest neighbor peaks are coincident with the vacancy-free lattice peaks.
The Ni-Vac system exhibits superior lattice stability compared to the Al-Vat system at a temperature of 300K. Figure 6 shows the RDFs calculated for Ni based on MD simulations at 300K. Unlike the RDFs for Al in Fig. 2 , the results for Ni in Fig. 6 show that distinct peaks are discernible at each nearest neighbor position for vacancy concentrations of 0.10 and 0.15 Vat/lattice site. The FCC structure breaks down only after the vacancy concentration increases to 0.20 Vat/lattice site.
Comparison of results from MC and MD simulations for both the Al-Vat and Ni-Vac systems shows that the structures resulting from MD simulations at times of 1 ps are the same as equilibrium structures. Figure 7 shows a result for Ni-O.15 Vat/lattice site that is typical for all Al-Vat and Ni-Vac systems. The RDFs calculated based on MD and MC simulations are identical in Fig. 7 .
Effect of Vacancy Distribution
The initial vacancy distribution does not affect lattice stability for most Al-Vat and NiVac systems. Figure 8 compares RDFs for initial random and ordered vacancy distributions that were calculated from MD simulations of Ni containing 0.10 or 0.20 Vat/lattice site. These results show that RDFs for random and ordered vacancies are identical. This behavior is typical of most Al-Vat and Ni-Vac systems.
The exception to the above trend is the case of Ni containing 0.15 Vat/lattice site. For this case, random vacancies enhance lattice stability compared to ordered vacancies. Figure 9 shows RDFs for random and ordered vacancy distributions that were calculated from MD simulations of Ni containing0.15Vat/latticesite. The RDFfor randomvacanciesshowsdistinct peaks at the first-nearest neighbor through fifth-nearest neighbor positions. In contrast, nearestneighbor peaks for ordered vacancies are either diffhse or missing. These results indicate that the FCC structure is intact for random vacancies but not for ordered vacancies.
The conclusions on lattice stability for random and ordered vacancy distributions are supported by calculations of total potential energy at OK. Figure 10 compares the energy per Ni atom vs the number of vacancies per lattice site for both random and ordered vacancy distributions. The plot shows that energy/Ni atom is identical for all systems, except for Ni-O.15
Vat/lattice site. For this case, the distribution of random vacancies has a much lower energy compared to the distribution of ordered vacancies.
Effect of Hydrogen
Hydrogen degrades the lattice structure of Al for all vacancy concentrations. Figure 11 shows RDFs calculated from MD simulations at 300K for Al containing 0.10 Vat/lattice site plus 0.5 H/AI atom as well as Al containing 0.10 Vat/lattice site without hydrogen. The RDF for Al-O.10 Vat/lattice site without H reflects some FCC structure, whereas RDF peaks are much less defined for the case with hydrogen. These results are typical for all Al-Vat systems.
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